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Abstract

Conventional petroleum jet and diesel fuels, as well as alternative Fischer-Tropsch (FT) fuels and hydrotreated
renewable jet (HRJ) fuels, contain high molecular weight lightly branched alkanes (i.e., methylalkanes) and straight
chain alkanes (n-alkanes). Improving the combustion of these fuels in practical applications requires a fundamental
understanding of large hydrocarbon combustion chemistry. This research project presents a detailed high
temperature chemical kinetic mechanism for n-octane and three lightly branched isomers octane (i.e., 2-
methylheptane, 3-methylheptane, and 2, 5-dimethylhexane). The model is validated against experimental data from a
variety of fundamental combustion devices. This new model is used to show how the location and number of
methyl branches affects fuel reactivity including laminar flame speed and species formation.

Introduction

Detailed chemical kinetic combustion models of
real fuels (e.g., gasoline, diesel, and jet fuels) are
important tools for improving the design, efficiency,
and environmental performance of combustion
technologies. Fuels derived from conventional
petroleum feedstock often are comprised of
thousands of different hydrocarbon compounds. This
complexity makes it challenging to develop detailed
chemical kinetic models of real fuels because
modeling each fuel component would be
computationally expensive. One way of reducing
complexity is to group fuel compounds together into
structural classes, and formulate a smaller “surrogate
fuel” model that represents the chemical and physical
characteristics of the real fuel. In this way the
chemical kinetic model becomes easier to build and
less computationally expensive to solve in a reacting
flow simulation.

Previous studies at the Lawrence Livermore
National Laboratory have presented detailed
chemical kinetic models for several important
structural classes found in real fuels, such as n-
alkanes [1,2], iso-alkanes [3,4,5,6], alkenes [7,8],
aromatics [10], and cyclo-alkanes [11,12]. Surrogate
fuel models have also been developed for gasoline
fuel [10,13] and gasoline and diesel primary
reference fuels [14] by merging the models of
relevant structural classes. A recent review paper by
Pitz and Mueller [15] describes the development of
diesel surrogate fuel models. The composition of
typical diesel fuels is presented as a mixture of high
molecular weight (i.e., C;p-Cy) n-alkanes, lightly
branched iso-alkanes with one or two methyl groups,
cycloalkanes with multiple alkyl side chains, and
aromatics with multiple side chains. The recent
progress in combustion modeling of these structural
classes is discussed in detail; however, the authors
conclude that major research gaps remain in
modeling high molecular weight (i.e., greater than
C,o) aromatics, alkyl aromatics, cyclo-alkanes, and
lightly branched iso-alkanes.

The focus of the present research study is on
high molecular weight 3-methylheptane, 2-
methylheptane, 2,5-dimethylhexane, and n-octane.
These structures are important components of
conventional diesel fuels derived from petroleum,
synthetic Fischer-Tropsch diesel and jet fuels derived
coal, natural gas, and/or biomass, and renewable
diesel and jet fuels derived from thermochemical
treatment of bio-derived fats and oils (e.g,
hydrotreated renewable jet (HRJ) fuels). Significant
effort is placed on understanding the effect methyl
substitution on important combustion properties.

Chemical Kinetic Mechanism Formulation

The proposed detailed chemical kinetic
mechanism includes high-temperature  kinetic
schemes for 2-methylheptane, 3-methylheptane, and
2,5-dimethylhexane. =~ We include the important
reaction pathways based on the early work of Curran
et al. on n-heptane and iso-octane [1,3]. In addition,
we include an updated version of our n-octane sub-
mechanism initially developed by Westbrook et al.
[2]. The “core mechanism” used here is our latest
detailed mechanism for n-heptane, which was
presented and discussed as part of the gasoline
surrogates model by Mehl et al. [10,13]. This core
mechanism is comprised of an updated Cy-Cs sub-
mechanism [16,17], the C¢-C; alkane sub-mechanism
from Mehl et al. [10,13], and the Cs-C; alkenes sub-
mechanism from Mehl et al. [7,8].

Naming of Species

To illustrate the naming of the species for the 2-
methylalkanes mechanism, 2-methylheptane is
denoted as C8HI18-2 in the mechanism, for example
(see Figure 1 for its molecular structure). The carbon
chain is labeled numerically (i.e., 1, 2, 3, etc.) such
that the location number of the methyl branch is
minimized. For 2-methylheptene species, the
location of a double bond is identified by a hyphen
followed by the number of the first carbon in the
double bond (e.g., 2-methyl-3-heptene is C7H14-3-
2). Additional notations are provided to denote



radical sites in the molecule. The carbon sites are
labeled alphabetically (i.e., a, b, c, etc.) such that the
location of the first methyl branch is minimized
(Figure 1). In this way, the 2-methyl-3-heptyl radical
is denoted as C7TH15-2c, while the 2-methyl-1-heptyl
radical is written as C7TH15-2a.

211 2-methylheptane

2 4 6
1 b 3 d 5 ¢ 7
a c e g

Figure 1 - Structure of 2-methylheptane (CgH 5-2)

Classes of Reactions

The major classes of elementary reactions considered
for the oxidation of octane isomers include the
following:

High Temperature Reaction Classes
1. Unimolecular fuel decomposition

2. H-atom abstraction from the fuel

3. Alkyl radical decomposition

4. Alkyl radical isomerization

5. H-atom abstraction reactions from alkenes

6. Addition of radical species O and OH to
alkenes

7. Alkenyl radical decomposition

8. Alkene decomposition

Thermochemical Data

The thermodynamic parameters for the species
are very important because they are used to
determine reverse rate constants. The THERM [20]
software was used to compute the thermochemical
properties of species not present in the n-alkane
model [2]. The THERM group values are from
Benson [21] and Bozzelli [22,23].

Tranport Properties

Kinetic processes and transport processes are
rate controlling in diffusion flames and droplet
vaporization/combustion, so transport properties are
needed for all the species in the model.  This study
obtained the molecular transport parameters for
species using a variety of methods. The transport
properties for species upto Cg were already available
in a previously published 2-methylheptane model
[18,19]. The transport properties of larger alkanes,
alkene, alkyl, and alkenyl species were determined as
follows. For stable species, this study used the
correlations developed by Tee, Gotoh, and Stewart
[24], as described in Holley and coworkers for
hydrocarbons [25], to calculate the LJ collision
diameter and potential well depth using the critical
pressure (Pc), critical temperature (Tc), and boiling
point (Tb) of the species. Pc, Tc, and Tb for the
majority stable species are based on the

recommendations of Owczarek and Blazej [26,27],
and the data for missing species was extrapolated.
Following previous work [28], the polarizability in
cubic Angstroms of stable species was calculated
using an empirical correlation [29], which depends
on the number of C, H, and O atoms in the molecule.
The values calculated using this method were
comparable to experimentally measured
polarizability for species where such data was
available [30].  The dipole moment for all new
species was set to zero because they are non-polar
hydrocarbons [31]. The index factor, which
describes the geometry of the molecule was
determined from the molecular structure (i.e., 0 for
atoms, 1 for linear molecules, and 2 for nonlinear
molecules.

Validation Studies

In recent studies, the proposed model for n-
octane and 2-methylheptane was validated against a
wide range of experimental data from RCMs, JSR,
shock tube, premixed laminar flames, and
counterflow non-premixed flames [18,19].
Westbrook et al. [2] previously validated the Cs-C¢
n-alkane mechanism; the present improvements to
the reaction classes and rate rules do not significantly
alter the validations presented previously. In this
study, we include present several validations for n-
octane and 2-methylheptane since these are the only
molecules for which data was readily available.
Validating the mechanism against 2-methylheptane is
considered adequate because the same reaction rate
rules are applied for 3-methylheptane and 2,5-
dimethylhexane.

Laminar Flame Speed Experiments and
Simulations of n-octane and 2-methylheptane
Laminar flame speed, Suo, experiments were
carried out in the counterflow configuration at
atmospheric pressure and an unburned reactant
temperature of 353 K and presented previously
[19,32]. Figure 2 depicts both experimental data and
numerical predictions for the S,”s of 2-
methylheptane/air and n-octane/air flames; the
experimental data for n-octane/air flames were taken
from [32]. S,’ of 2-methylheptane/air flames are
consistently 3.5-5cm/s lower than those of n-
octane/air flames.  This is expected, as it has
previously established that branching in the fuel
molecular structure reduces reactivity and as a result
S.’. The current model reproduces successfully the
relative reactivities of these two fuels. The peak for
both n-octane/air and 2-methylheptane/air flames
occurs at ¢ = 1.05. The predictions of the current
model are in good agreement with the experimental
data for 2-methylheptane flames for 0.70 < ¢ < 1.10.
At higher ¢’s, the model is over predicting the
experimental results by approximately 4 cm/s. For n-
octane/air flames, the trends between the model and
the experimental data taken from [32] are similar,



i.e.,, there is good agreement for lean to
stoichiometric conditions, and the model consistently
over predicts the experimental results for fuel rich
conditions. Figure 3 presents n-octane/air premixed
laminar flame velocities at range of pressures [54] as
an additional validation target for the proposed
mechanism. The model exhibits excellent agreement
with the experimental data at 1 atm and 2 atm. At 5
atm, the model under predicts the laminar flame
velocity at equivalence rations greater than 0.9.
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Figure 2 — Laminar flame speeds of n-octane (Ji et al [32])
and 2-methylheptane in air at 353 K and 1 atm.
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Figure 3 — Laminar flame speeds of n-octane
(Kelley et al. [33]) at 353 K and various
pressures.

Laminar Flame Speed Simulations of octane
isomers

Simulated laminar flame speeds for the octane
isomers are shown in Figure 4. The proposed model
predicts that the laminar flame speed reduces as the
number of methyl branches increases. For example,
2,5-dimethylhexane has laminar flame speeds
approximately 1.5-3.0 cm/s slower than 2-
methylheptane.

In order to elucidate the reasons for lower flame
speeds in branched alkanes, a reaction flux analysis
was conducted for at stoichiometric conditions and a
temperature of approximately 1000 K. The results
show that H-atom abstraction from the tertiary C-H
site in 2-methylheptane and 2,4-dimethylhexane is
followed by B-scission leading to the formation of
iso-butene and subsequently the resonantly stabilized
iso-butenyl radical. An analogous reaction sequence
in n-octane leads to /-butene and subsequently the /-
butenyl radical. The increased stability of the iso-
butenyl radical compared to the I-butenyl is the
reason for lower flame speeds in the branched
alkanes. The flame speed for 2,5-dimethylhexane is
lower than that of 2-methylheptane because there are
two tertiary C-H sites which increase the production
of iso-butene.
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Figure 4 — Laminar flame speeds of octane
isomers at 353 K and 1 atm.

Conclusions

This study presented a high temperature
oxidation mechanism for four octane isomers.
Premixed laminar flame speeds are slower for 2-
methylheptane when compared to n-octane because
of the increased production of the resonantly
stabilized iso-butenyl radical. Model predictions
indicate that 2,5-dimethylhexane has an even lower
flame speed due to the increased number of tertiary
C-H sites.

The proposed chemical kinetic mechanism has
the potential of significantly improving our
understanding diesel and jet fuel combustion. The



structures present within the mechanism can be used
to develop surrogate fuel formulations for a wide
variety of fuels, such as conventional petroleum
derived fuels, synthetic Fischer-Tropsch fuels, and
renewable fuels derived from thermochemical
treatment of bio-derived fats and oils (e.g., HRJ
fuels).  Therefore, the present study provides
immediate potential of improving the chemical
fidelity of surrogate fuel models. We plan to extend
the proposed model to include low temperature
reaction pathways and oxidation chemistry for larger
hydrocarbons upto Cy,.
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